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Abstract

The interaction of HOZNQ (peroxynitric acid, PNA) vapor with liquid sulfuric acid

surfaces was investigated for the acid contents ranging from 50 to 70 wt % and over a

temperature range from 205 to 230 K, using a fast flow-reactor coupled to a chemical ionization

mass spectrometer. PNA was observed to be physically taken up by liquid sulfuric acid, without

undergoing irreversible aqueous phase reactions, The measured uptake coefficient was found to

vary from about 0.2 on 55 wt % HZS04 to 0,06 on 70 w % acid solution, From the time-

dependent uptake, the quantity H~ (that is the product of the Hemy’s law coefficient and the

square root of the liquid-phase diffusion coefficient) wtis obtained. The Henry’s law volubility

coefficient of PNA in Iiquicl sulfuric acid was derived by estimating the liquid-phase diffusion

coefficient based on a cubic cell model. In general, the solubilit y was found to increase with

decreasing acid content and decreasing temperature. l~or a constant HZO partial pressure of

6.1X104 Torr, H was determined to be 2X10G M atm-] at 205 K and 1x1O’ M atm-] at 222 K, as

the acid content was varied from 55 to 70 w %. The heterogeneous reaction between PNA and

HC1 on liquid sulfutic acicl was also examined and was found to be very slow (y < 104). The

measured solubilities reveal that peroxynitric acid should exist predominate y in the gas phase

under conditions characteristic of the mid- or lower latitude stratosphere. For winter time polar

stratospheric conditions, however, incoqmration of PNA into sulfate aerosols may lead to

significant redistribution of PNA from the gas to condensed phases, thus affecting stratospheric

HOX and NO, concentrations.
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Introduction

●

.

Heterogeneous reactions occurring on stratospheric sulfate aerosols have been known to

enhance ozone destruction,l’2 primarily by deactivating NOX (i.e. the conversion of NOX into NOY)

and by converting relative] y inactive reservoir chlorine species into reactive forms (i.e. CIONOZ

and HC1 into Clz and HOCl) that are rapidly photolyzed to yield atomic chlorine, which

catalytically y destroys ozone. Under unperturbed stratospheric conditions, the sulfate aerosols are

believed to consist of aqueous sulfuric acid of 40 to 80 wt %, with a mean diameter of about 0.1

w and a number density from 1 to 10 cm-3.3 Although much effort has been made to study

heterogeneous processes involving NzO~, CIONOZ, HC1, and HOC1 on sulfate aerosols, *)2 which

promote the release of active chlorine and affect the NOX budget, little is known on

heterogeneous chemistry involving other nitrogen+ontai]  ling acids and oxides on liquid sulfuric

acid. For example, peroxynitt-ic acid may have potentitil importance in aqueous atmospheric

chemistry in at least two ways: incorporation of PNA into sulfate aerosols may alter the aerosol

composition and repartition PNA from the gas to condensed phases (thus affecting the HOX and

NOX budgets); HOZNOZ may also engage in heterogeneous reactions, such as that with HC1 to

form HOC], or decomposition to produce HONO.

In the stratosphere H02NOZ (PNA) is present at concentrations of a few tenths of part per

billion by volume (ppbv) and is formed mainly by the reaction of H(), with NOZ$5

HQ + N02 + M - H(_JzNQ + M (1)

The fate of gaseous PNA is governed by unimolecular decomposition as well as photodissociation

and bimolecular reaction with OH. Under stratospheric conditions, PNA is recognized to be

photochemically  stable, with a lifetime about a few days.c” Photolysis of PNA at wavelengths

greater than 290 nm yields primarily H02 and NOZ, along with minor HO and N03.
8 The

bimolecular reaction of PNA with OH is very efficient, with a rate coefficient of 4.6x 10-’2 cm3

s-l 01 this reaction channel provides an important sink for OH radicals in the stratosphere. Other9

likely homogeneous reaction pathways include the reactions of PNA with O, H, and HCI,

although these reactions are several orders of magnitude slower than that between PNA and OH,l

In contrast, the role of PNA in heterogeneous at.rnospheric chemistry is less certain. In

aqueous solutions HOZNOZ undergoes unimoledar  deco] nposition producing HONO and 0z,9$10
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HOZNOZ + HON() + 02 (2)

The decomposition rate (- 7x 10d s-l) measured in these studies, however, suggests this reaction

may be too slow to be of atmospheric importance, unless the Henry’s law volubility for PNA is

extreme] y large. In another recent study it has been postulated that heterogeneous decomposition

of PNA may be responsible for significant production of nitrous acid (HONO) observed in an

environmental chamber experiment.] 1 The same reaction mechanism has also been invoked to

explain the observed anomalous OH and HOZ concentrations shortly after sunrise in stratospheric

measurements:12’13 this process occurring on sulfate aerosols may increase the diurnally averaged

HO, by reducing an important I-IOX sink (i.e. PNA reaction with OH) and by redistributing HO,

at larger solar zenith angles. Recxmtl y, Li et al.]4 have investigated PNA uptake on water ice.

These authors reported a sticking coefficient of 0.15 for PNA on ice at about 200 K, with no

reaction products. The uptake coefficient of PNA on 96 wt % sulfuric acid was also investigated

by Baldwin and Golden at room tempemture,]s yielding a value of 2.7x10-5. Clearly, more

laboratory studies are needed in order to elucidate the interaction of PNA with sulfate aerosols

in the stratosphere.

In this paper we present laboratory measurements of critical parameters needed to quantify

the interaction of PNA vapor with liquid sulfuric acid. These include the uptake coefficient and

volubility of PNA in liquid HzSOd. The product of the Henry’s law coefficient and the square root

of the liquid-phase diffusion coefficient, Hw, for PNA uptake was measured. The Henry’s law

volubility coefficient was then deduced by estimating the liquid-phase diffusion coefficient based

on a cubic cell model. Potential heterogeneous reaction involving HOZNOZ with HC1 on liquid

sulfuric acid was also examined. Finally, Stratospheric implications of the present data are

discussed. In a separate publication we report laboratory experiments of heterogeneous chemistry

of HONO and NOZ on liquid sulfuric acid.lG

Theoretical Approach

In general, gas-phase uptake by a planar liquid surface can be due to timedependent

physical adsorption or irreversible chemical reaction, which can be treated as a onedimension

diffusion problem,
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(3)
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where C represents the concentration in the liquid, x is the distance, and R is the rate of liquid

phase reaction. For the case where there is no chemical loss in the liquid (i.e. R = O), the time-

dependent solution for eq. 3 can be written as,lT-20

1 . 1
( )
?rt;- — —-—- —

a ‘ 4R~H Dl
(4)

ibs ( f )

where a is the mass accommodation coefficient and o is the mean thermal speed of the

molecule. Hence, equation 4 relates the measured uptake coefficient (yO~ to the product of the

Henry’s law volubility coefficient and the square root of the liquid-phase diffusion coefficient

(~). The uptake coefficient can be calculated from

(5)

where r is the radius of the flow reactor. The first-order rate coefficient (k) is related to the

fractional change (A tin) in the gas-phase concentration of the adsorbed/reactive molecule before

and after exposure to liquid sulfuric acid by

~ ~ ;~x p_
( )

(6)rxt n

where Fg is the carrier gas volume rate of flow (cm3 S-l) and A is the surface area of exposed

liquid, When the uptake rate became gas-phase diffusion limited, the first-order rate coefficient

was corrected for gas-phase diffusion restrictions according to the method suggested by Brown.21

The gas-phase diffusion coefficient for PNA in He was estimated to be PD8 = 240 Torr cm2 S-l

‘s 22 From the time evolution of the signal for theat 220 K, with a temperature dependence of 7 .

adsorbed molecule, the quantity H~ can be extracted from the slope of a plot of l/y O~,(t)

versus t’~, according to eq.4.

An alternative approach for obtaining H~, derived directly from the Henry’s law (i.e.

from the ratio of surface to gas concentrations of the species), has been suggested by Hanson and

Ravishankara~O
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(7)

where SO is the signal when no uptake takes place and l(t) = Sot - JS(r)dr. Using both methods,

we obtained H~ that agreed within 25 %.

To estimate the liquid-phase diffusion coefficient, we adopted a cubic cell model, which

was initially developed for self-diffusion in liquids,23&

I), =“ ~T@
6 @4

and

[[ 1)+, ‘“d”+(l ‘X)kf$o;
P

(8)

(9)

where p is the density of liquid H2SOd, M is the molecular weight of HOZNOZ, and x is the

H2SOd mole fraction. Assuming that there is no liquid-phase dissociation, we estimated an

effective molecular dimension (d) of - 4 ~ for PNA diffusing in liquid sulfuric acid, when

calculating the parameter for the effective cell dimension (k). The viscosity coefficient (q) of

sulfuric acid, used in eq. 8, was taken from Luo et al.,” which incorporated the viscosity

measurements for 60 wt % H2SOd by Williams and Golden. 2$ T~ble 1 lists some calculated

values of the diffusion coefficient for PNA in sulfuric acid.

Experimental Method

Uptake measurements were conducted in a fast flow reactor in conjunction with chemical

ionization mass spectrometry (CIMS) detection. Detailed descriptions of the experimental

apparatus and procedures have been given elsewhere,2&n and only a brief overview is presented

here along with features pertinent to this work.

The flow reactor of inner diameter 2.8 cm was horizontal] y-mounted and temperature

regulated. Liquid H2SOq films were prepared by totally covering the inside wall of the flow tube

with sulfuric acid solutions, At low temperatures (< 220 K) the solutions were sufficiently
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viscous to produce an essentially static film which lasted over the time scale of the experiments.

The thickness of the films was estimated to be about 0.1 mm based on the amount of acid

solution used and the geometric area covered. Composition of the liquid HzSOd film was

governed by temperature and HZO partial pressure in the flow tube: once exposed to HZO vapor,

the sulfuric acid film took up Hzo and became more dilute until equilibrium was reached. H20

vapor was admitted to the flow tube with the main He carrier gas. The partial pressure of HZO

was estimated by passing a known flow of He carrier gas through a H20 reservoir at room

temperature. It was controlled by diluting the humidified He flow (assuming 100% RH) with a

dry He flow. In addition, we measured CIONOZ hydrolysis on the liquid HzSO~HzO film and

obtained its composition, on the basis of our earlier data of reaction probabilities for this binary

system,2c to validate the above method, The estimated uncertainty in determining the H20 partial

pressure was about +25 %. To deduce the H2SOd content of the liquid film, we used the

temperature and H20 partial pressure to convert the H2SOq wt %, according to the vapor pressure

data of Ze]eznil? and Zhang et al.30 The error limit in estimating the H2SOd content of the films

was about f 3 wt %, considering uncertainties associated with the temperature and water vapor

pressure.

PNA was synthesized by slowly adding -1 g NOzBF~ (Aldrich) to -5 ml 93 wt % HZ02

which was chilled (at 273 K) and vigorously stirred, according to the method described by

Kenley et al.9 The solution containing PNA was then trmsferred to a bubbler maintained at 273

K. The purity of PNA samples was checked both by infrared spectroscopy and mass

spectromet~, with N02, HNO~, HZ02, and H20 being the major impurities, Generally, the

amounts of HNOq and NOZ in the PNA sample were reduced significantly after bubbling the

solution for more than 10 min. A jacketed Pyrex injector ( 1.O-cm o.d.), kept warm by circulating

a room temperature solution of ethylene glycol in water, was used to deliver PNA to the flow

reactor. Gaseous PNA was aclded to the flow tube along with a small He flow (O. 1-10.0 cm3 min-

1 at STP) and further diluted in the main He flow (310 cm3 rein-l at STP) before contacting the

liquid acid surface. To reduce the HZ02 and H20 impurities, the PNA flow was circulated through

a cold trap at temperatures between 230 and 240 K, prior to entering the flow tube. A 3-way

switching value was designed to quickly change the PNA flow either downstream or upstream

(i.e. to expose or bypass PNA gas to sulfuric acid), with a delay time less than 50 milliseconds.
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Typically, the flow tube was operated at a pressure of about 0.40 ‘lbrr, with an average flow

velocity ranging from 1700 to 2000 cm s-l,

In most experiments, HC)ZNOZ was detected in the CIMS as F ● HOZNOZ, produced by a

fluoride ion transfer with SFG-,

SFb- + HOZNOZ + F. H02N02 + SF5 (lo)

A typical mass spectrum of SFd- reaction with the effluent from the PNA bubbler is displayed

in Figure 1, showing the characteristic HOZN02 peak (F. HOZNOZ, m/e = 98) along with the

impurity peaks due to NOZ (NOz-, m/e = 46) and HNO~ (F. HNO~, m/e = 82). We are not aware

of any measurements of the rate coefficient for reaction 10. The PNA concentration in the neutral

flow reactor was estimated by assuming the same rate coefficient for reaction 10 as that for

HNO~ reaction with SFb- (- 2X10-9 molecule cm3 S-1)3]  and by comparing the relative signal

intensities bet ween the two species under identical conditions. This method requires accurate

knowledge of the gas-phase partial pressure of HNCl~. The CIMS was calibrated for HNO~ by

measuring the flow rate of a known mixture of HNO, in He; the calibration procedure was

described in detail in our previous works,2b’27 Alternatively, the 1- ions, initiated by electron

attachment to CFal, were used to detect H02NOZ corresponding to NO~- (m/e = 62), as illustrated

in Figure 2,

1- + H02N02 + N03- + HOJ (11)

Reaction 11 also permits selectively probe PNA in the presence of HNO~, because the reaction

of 1- with HNO~ is known to be rather inefficient.31 Hence, HN03 impurity present in the PNA

sample is unlikely to interfere with this detection scheme. Indeed, using both SFb- and 1- as the

reactant ions yielded no noticeable difference in the measurements of PNA uptake studies. To

our knowledge, the rate coefficient for reaction 11 is unknown. Note that in the present uptake

study accurate determination of the reactant concentration is not required, although lower reactant

concentrations were essential to minimize the occurrence of secondary reactions of potential

product ions,

Ions were mass selected by a differentially pumped mass spectrometer and detected

a channel electron multiplier operated in an analogue mode. The CIMS detector was linear

with

over

the range of PNA concentrations used, since the concentration of reactant ion was not affected
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by the small concentrations of the neutral reactant, Detection sensitivity for HOZNO, in the CIMS

was estimated to be -108 molecules cm-3 with a S/N ratio of 2.

Results and Discussion

PNA Uptake Measurements

The uptake of PNA by liquid sulfuric acid was studied by first establishing a steady-state

PNA flow, which bypassed the liquid film. The direction of the PNA flow was then quickly

changed from downstream to upstream via the 3-way switching valve, exposing a 3-10 cm

length of the film to PNA while monitoring the PNA signal using the CIMS. Uptake from the

gas phase was determined from the decline and recovery in the PNA signal. Figure 3 shows

temporal profiles of PNA as it was exposed and not exposed to a 3.9 cm length of liquid sulfuric

acid film at 207.9, 218,9, and 226.8 K, respectively. The liquid film was initially allowed to

equilibrate with HZO vapor at a partial pressure of 6,9x 1 (14 Torr and at 207.9 K; the acid content

of the film was estimated to be -- 58,3 w %. Temperature of the flow tube was quickly raised

and then held steady at a higher value to carry out the next measurement. We assumed that

compositional change in the liquid film was negligible cluring the whole process (typically less

than 20 rein). The experimental conditions corresponding to these measurements were PH. = 0.40

Torr, V = 1900 cm S-l, and Pp~A = 5X10-7 TOIT.

Figure 3 shows that the PNA concentration in the gas phase fell instantly upon exposed

to liquid H2SOd and later returned to its original value as the film was saturated. Switching the

PNA flow downstream resulttii in an opposite peak due to PNA resorption. The shapes of

adsorption and resorption processes were identical, suggesting that PNA was physically taken

up by liquid sulfuric acid without undergoing irreversible aqueous phase reactions. This held true

over the entire HJ104 content and temperature ranges investigated, i.e., over H#04 contents of

50-70 wt % and temperatures of 205-230 K. As can be seen from Figure 3, the uptake of PNA

increased as the temperature decreased for a fixed sulfuric acid content. This occurred because

solubilit y of PNA increased with decreasing temperature, as discussed in detail below. Under no

circumstances did we observe any gaseous products by the CIMS associated with PNA uptake
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in sulfuric acid. In particular, we found no evidence fol the occurrence of reaction 2 on liquid

sulfuric acid.

To test whether reaction 2 proceeds slowly on liquid sulfuric acid, as being the case

suggested in aqueous Oz-saturated nitrate .solutions,l” we exposed PNA continuously to sulfuric

acid over a time period of more than three hours and then identified the constituents in the liquid

phase, using the temperature programmed resorption method. Two measurements were carried

out for liquid films with contents of 50 and 70 wt % and at tempemtures of 201 and 222 K,

respectively. No reaction products other than PNA were observed in these experiments. (HONO

can be detected using SFC- corresponding to F*HONO at m/e = 66.)]6 Also, the NOZ impurity

present in the PNA sample was too small to produce any appreciable amount of nitrous acid by

the reaction of NOZ with HZO, This reaction, however, may occur if very high NOZ concentrations

are present ,16 and it may explain the observation of HON(I product in the environmental chamber

experiment reported by Zhu et al.,11 likely with NOZ derived fro]n thermal decomposition of

PNA, As reported in a sep~rate publication by US,lG HONO undergoes complex aqueous phase

reactions in liquid sulfuric acid, depending on t}~e acidity.

Uptake Coefficients.

The initial decays of PNA signal upon exposure to liquid sulfuric acid, as those displayed

in Figure 3, were used to determine the uptake coefficients. The measured uptake coefficient

reflects the kinetics of the uptake, equilibrium volubility limitation, and gas-phase diffusion

limitation, The values obtained after corrections for the gas-phase diffusion are depicted in Figure

4 as a function HzSOd wt %. The experiments were performed by maintaining a constant HZO

vapor pressure of 6,1 x 104 Torr and by varying the temperature from 205 to 222 K. The resulting

acid content ranged from 56 to 70 wt %. A PNA partial pressure of - 5x10-7 Torr was used in

these experiments. Each point in the figure is an average over at least two measurements, with

the error bars indicating experimental precision (1 o ). Systematic error in the uptake coefficient

measurements was estimated to be about 15 %.

Figure 4 shows that the PNA uptake coefficient decreases as the acid content increases:

y ranges from about 0.2 to 0.06, as the acid content is varied from 56 to 70 w % HzSOq. The
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observed decrease is indicative of changes in either PNA sohrbility in the bulk HzSOd solution

or accommodation probability at the surface, as a function of H$Od composition. With an initial

delay time of -- 0.1 second (i.e. the initial exposure time) for experiments used to produce Figure

4, D, estimated from the cubic cell model, and the Henry’s coefficient determined in the next

section (i.e. 2x 10G to lx 10-$ M atm-l from 205 to 222 K), eq. 4 predicts that the measured uptake

coefficient should be close to the value of accommodate ion coefficient (a) for HzSOq less than

60 wt %, For solutions more than 60 wt %, the measured uptake coefficients should be smaller

than a, because the uptake was limited by re-evaporatiol~ of dissolved PNA due to saturation of

the liquid. Similarly, we believe that the uptake coefficient for 96 wt % HzSOd at room

temperature (y = 2.7x 10-5), reported by Baldwin and Golden,15 is likely volubility limited.

Determination of H~ and H

Uptake of PNA into sulfuric acid may take several steps, including solvation, dissociation,

and ionic reactions with the constituents in the liquid,l”

HOZNOZ (g) # HOZNOZ (aq) (12)

HOzNOa # H’ + OzNOz- (13)

OZNOZ- + NO~ + 02
(14)

The acid equilibrium constant for PNA in aqueous nitrite solutions was determined to be 1.4x104

at room temperature, 10 indicating that PNA is a relatively weak acid. Under stratospheric

conditions, reaction 14, along with reaction 2 and unimolecular decomposition of PNA into H02

and N02, can be ignored in sulfuric acid, as concluded in the proceeding section. An effective

Henry’s law constant that encornpassm the totality of the dissolved species is defined as,18

H’ “ H{l + k, Jm+]} (15)

[HO,NO,(total)]  = [HOzN02(aq)] + [OzNQ-] = ~’~~.~ (16)

where His the physical Henry’s law constant (i.e. the equilibrium constant for reaction 12). Since

eq. 7 is derived by determining the total number of molecules lost from the gas to liquid phases

over an integrated time and using eq. 16,20 the obtained volubility should be a measure of the

effect ive Henry’s law constant.



Measured values of H’&D~ for PNA on sulfuric acid of various contents are shown against

the reciprocal of temperature in Figure 5. The measurements were carried out by first establishing

an equilibrium sulfuric acid film with a given H20 partial pressure and temperature. The

temperature of the substrate was then successively raised while the uptake data were taken. Due

to the relatively short time scale cluring the whole process (i.e. less than 20 rein), we assumed

that the acid content remained unchanged (i.e., evaporation of water from the sulfuric acid film

would not cause an appreciable change in the acid cent ent on a relatively short time scale at

temperatures below 230 K). Examples of the uptake and descx-ption data have been given in

Figure 3. Figure 5 shows that the quantity H~ increases both as the temperature is lowered

and as the solution becomes more dilute. This is expected since physical solubilit y in general

increases with decreasing temperature and decreasing acid content, Additional y, it is also

plausible that the extent of PNA dissociation may enhance slightly at lower temperatures and in

dilute sulfuric acid, as being the case with HNO~ in sulfuric acid,32 thus leading to larger values

for the effective Henry’s law constants. Measurements of the quantit y II*W for PNA on various

sulfuric acid solutions are also listed in Table 2.

In a separate set of experiments, PNA uptake was studied by maintaining a constant HZO

partial pressure and by varying temperature and allowing water vapor to equilibrate with the

liquid, This is a process that resembles the compositional change of sulfate aerosols during a

cooling or warming event in the stratosphere, The results arc presented in Figure 6 which plots H~

as a function of temperature. Each point in the figure is an average overt wo more measurements.

It is evident in Figure 6 that the measured H’@j_  inc]eases with decreasing temperature. As

discussed above, this profound temperature dependence is caused both by changing temperature

and by changing I-l#Od content, when Plizo is held constant, The diffusion coefficient, calculated

from the cubic cell model, also changes with temperature and with HzSOd content: it decreases

with decreasing temperature and increasing acid content, Thus the influences of temperature and

acid content on the diffusion coefficient cancel out, resulting in little variation of D1 with

temperature at a fixed P1120. This implies that the observed increase in the quantity H*W  in

Figure 6 is attributable merely to the increase in the effective Henry’s constant (also see Figure

8). The data shown in Figure 6 are tabulated in Table 3.
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Effective Henry’s constants

coefficient for PNA in sulfuric acid.

For H#Od content more than 70 wt

were, derived by estimating the liquid-phase diffusion

W corresponding to data in Figure 5 are given in Figure 7.

%, the diffusion coefficient calculated from the cubic cell

model appears to be unreliable, because the resultant H* becomes decreasing with decreasing acid

content at a given temperature, an unrealistic situation, This may be partially attributed to the

lack of measurements for the viscosity coefficient in concentrated sulfuric acid (> 70 wt %) at

low temperatures, The slopes of the lines in the figure represent the difference between enthalpies

of PNA in solution and in the gas-phase, which are correlated with the enthalpy changes of

reactions 12 and 13. Figure 7 shows that the volubility constants for all the solutions have similar

temperature dependencies, indicating a constant activity coefficient for each solution over the

temperature range and, thus, little change in PNA dissociation over the composition range. It

should be pointed out that available infom~ation on liquid-phase diffusion in sulfuric acid is very

limited. Hence, the estimate of D, using the cubic

uncertainty.

In Figure 8 are plotted H* against stratospheric

of 6.1 x 104 Torr, based on data presented in Figure 6. A

cell model may contain considerable

temperature for a water partial pressure

least squares fit through the data results

in the expression of log H+: = 149.01 - 1.274xT + 0.00282x~. Figure 8 shows that the effective

Henry’s law constant increases by an order of magnitude from 222 to 205 K. This increase is

qualitatively similar to that of the quantity H*@  shown in Figure 6, due to the fact that D,

changes relative] y little with temperature, as ment ioned in the above paragraph, Note that a lower

stratospheric water partial pressure will lead to smalle~ H* for a given temperature, since the

sulfate aerosol composition is controlled both by tempmture and by water partial pressure in the

stratosphere.

The uptake measurements reported here were restricted to temperatures above 205 K.

Below this temperature, the time scale to saturate the liquid film became so long that the PNA

source became unstable. Also, at low temperatures and in dilute sulfuric acid, the Henry’s law

may not be a valid description of the volubility behavior, because of the departure from ideality

or increasing activity coefficient.s3 Volubility of PNA in liquid sulfuric acid, as determined in the

present study, is fairly large: under identical conditions (i.e. the same HzSOd content and
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temperature) the effective Henry’s law constant for PNA is smaller than that of HNO~S3 but

larger than that of HC1,2*”U’M$33 Hence, it would be worthwhile to examine some potential

heterogemxms  reactions invcdving PNA on sulfuric acid,

Reaction of H02N02 with HCl

The gas-phase reaction bet ween HC)2NOZ and HC1 has been found to be very slow, with

a rate constant of less than 9X10-22 cm3 s-] ,W

HOZN02 + HC1 -M HOC1 + HNOJ (17)

This reaction, if proceeding in bulk sulfuric acid solutions, will likely produce gaseous C12 or

HOCI,  dependent on the relative concentrations between HCI and PNA.26’35 This occurs because

the secondary reaction between the product HOC] with HC1 will take place in the solution to

form C12. The experiments were carried out by first allowing the H2S04 film to equilibrate with

HC1 (or H02N02) introduced from the gas phase and then measuring the H02NOZ (or HC1)

uptake. Partial pressures of PNA and HC1 were maintained in the mnge of 104 to 10-7 Torr. For

acid contents of 50 to 70 wt % and temperatures of 201 to 222 K, we observed no apparent

reaction bet ween PNA and HC1, nor any production of Clz or HOC1. (ln the CIMS, C12 and HOC1

can be detected using SF~ and l? as Cl~ and CIO-, respectively.) A conservative upper limit of

104 for this reaction was estimated based on our experimental conditions. Thus, we conclude that

reaction 17 is of negligible stratospheric importance on sulfate aerosols.

Stratospheric Implications

Using the present determined effective Henry’s solubilit y canstants, equilibrium

concentrations of PNA in sulfate, aerosols can be esti?nated. For a nominal 55 wt % H2SOd

aerosol at 205 K, the value for H* is found to be 2x 10G M atm-] according to Figure 8. This

results in an equilibrium PNA concentration of about 10-5 M for a typical PNA mixing ratio of

0.1 ppbv at 100 mb (i.e. a partial pressure of 104 Torr). At temperatures below 205 K, this

equilibrium concentration should increase significantly, as indicated in Figure 8, Nevertheless,

we believe that PNA is unlikely a major component of stratospheric aerosols, even when the
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temperature is below 200 K, since PNA volubility is about two orders of magnitude smaller than

that of HN03 and the Stratosy)heric PNA concentration is an order of magnitude smaller than that

of HNO~,

The distribution of PNA between the gas and condensed phases can be estimated by,

[HOzN0,(aerosol)]/[HOzN02(g)]  = PP~AH*L./(PP~RT)  = H*LRT (18)

where L is the volume fraction of the condensed phase in air. Using L values of 10-14 and 10-10

corresponding to ‘background’ and ‘volcanically perturbed’ aerosol conditions,3G the ratios are

about 3.4x 10-7 and 3.4x 10-3 at 205 K, respective] y. In mid- or lower latitude stratosphere, where

the ambient temperature is higher than 210 K, PNA should exist exclusively in the gas phase.

Using an extrapolated value of 6x107 M atm-l for H* at 195 K, this ratio can reach as high as

10 % for volcanic aerosol conditions. Hence, at conditions characteristic of polar stratosphere in

the winter and of elevated sulfuric acid loading (such as that after the eruption of Mt. Pinatubo),

incorporation of PNA into the sulfate aerosols may lead to a significant redistribution of PNA

from the gas to condensed phase, This may affect stratospheric NOX and HOX concentrations, by

reducing an important sink for OH radicals in the stratosphere (i.e. PNA reaction with OH).

Finally, the characteristic time required to reach equilibrium for the aerosol is estimated

by,]’

t = (2H*R7~/(3  a co) (19)

Using a mean particle diameter of 0.1 pm and an accommodation coefficient of 0.3, the

characteristic time is about ().04 s, suggesting that equilibrium between the gas and condensed

phases is constantly maintained.

Conclusions

In this paper we have reported laboratory measurelnents of interaction of PNA vapor with

liquid sulfuric acid, PNA was observed to be physically taken up by sulfuric acid, without

undergoing irreversible chemical reactions. The uptake data show that PNA is very soluble in

liquid sulfuric acid: for a HZO partial pressure of 6,1x104 Torr the effective Henry’s law

coefficients were estimated to be in the range of 1x 1 (f’ to 2x 10G M at m-l at temperatures between

205 and 220 K. In mid- or low latitude stratosphere, PNA should exist mainly in the gas phase.

15



At very colder stratospheric regions, uptake of PNA by sulfate aerosols may significantly reduce

gaseous PNA concentration, thus affecting the HO, and NOX budgets. Heterogeneous reaction

between PNA and HC1 was concluded to be unimportant on sulfate aerosols in the stratosphere.
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Table 1. Calculated Liquid-Phase Diffusion Coefficient D, (in units of 10-8 cm2 S-*) for PNA

in Sulfuric Acid Based on the Cubic Cell Model
- — . .— -.-— — ——— - - : .

Temperature (K) 50 wt % 55wt% 60 wt % 65wt% 7owt%

210 3.1 2.2 1.4 0.8 0.3

220 8.0 6.1 4.2 2.6 1.3

230 17.2 13.6 10.0 6.6 3.8
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.

Table 2. Measured Values of H’~ for H02N(IZ in Various HzSOd Solutionsa

-—— -————- — . . — — . — — -

6.86X104

5.06x 104

2.77x1 04

58.3

66.4

P1120 HzSOd wt %b Temperature 11’~

(Torr) (K) (M atm-’ cm s-’~)
-——. . — _ — —  — — —  -

1.49X10-3 52.9 208.9 169.9
208.9 164.8
214.4 113.9
224.1 35,4
229.1 22.0
207.9 136.6
207.9 135.9
213.5 89.1
218.9 48.1
223.5 26.2
226.8 18.4
201.4 88.6
202.6 81.3
205.4 57.8
210.4 42.3
215.1 27.0
215.1 25.7

73.8 204.1 2.6.7
204.2 24.8
208.0 19.7
213.6 15.4

219.0 11.1
223.6 8,8
223.6 9.1
223.6 11.4

.—— -_.——-—— -——._—= —

n Experimental conditions: P~, = 0.40 Torr, V = 1700 to 2000 cm s-], and PP~A  z 5x10-7 Torr.
b Estimated from the temperature and water partial pressure.
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Table 3. Measured Values of H~ for HOPNOZ in HzSOd

at Different Ternperat utes’

Temperature HzSOd wt %b H+@l ~ 10

(Q (M atm-’ cm s-’”)
—..——. .——— —— . .

205.0 55.9 210.0 * 14.5

210.7 61.7 62.4 + 1.9

213.0 63.8 40.1 * 1.2

216.6 66.5 24,0 + 1.5

216.9 66.7 23.2 * 1.3

218,0 66.9 21.5 + ().3

221.8 69.8 16.9 * 1.1

‘ The experiments were performed by maintaining a constant water partial pressure at 6.1x104

Torr and by regulating temperature between 205 and 222 K. Each point is an average of more

than two measurements. Experimental conditions are: P~, = 0.40 Torr, V = 1700 to 2000 cm s-l,

and PPW = 5x 10-7 Torr.
b Estimated from the tempemt ure and water partial pressure.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure Captions

Mass spectrutn of SFb- reaction with the effluent from a PNA bubbler. F ● HOZNOZ

(m/e = 97) is formed via a fluoride ion trxnsfer from SFC- to HOZNOZ. Impurities

in the PNA .samp]c are recc)gnized primarily as NOZ (NOZ-, m]e = 46) and HN03

(F* HN03,  m/e = 82). Other small, yet distinguishable peaks are due to F (m/e

= 19), NO~- (m/e = 62), and SFA- (m/e = 108).

Mass spectrum of 1- reaction with the effluent from PNA bubbler,

Temporal profiles of PNA when exposed to a 3.9-cm length of sulfuric acid film

at (a) 207.9 K, (b) 218.9 K, and (c) 226.8 K. ‘lie acid content of the film was

estimated to be -, 58.3 wt %. Experimental conditions are: P~, = 0.40 Tort, V =

1900 cm S-l, and PPW = 5X10-7 Torr.

Uptake coefficients of PNA on liquid sulfuric acid as a function of temperature

at F’IIZO = 6.1x104 Tort. The values were determined from the initial decays of

PNA signal upon exposure to liquid HZSOA. The acid content (top axis) was

estimated ranging from about 56 to 70 wt %, as the temperature was varied from

205 to 222 K. Each point in the figure is an average of more than two

measurements. The error bars represent one standard deviation of each

determination. Experimental conditions are: P~, = 0.40 Torr, V= 1700 to 2000 cm

s-], and PP~~ x 5X10-7 Tort.

Measured values of H*W  against the reciprocal of temperature for various HzSOd

contents. The solid lines are linear fits through the data. The estimated acid

contents are labeled in the figure. Experimental conditions are: ~H~ = 0.40 ToIT,

V = 1700 to 2000 cm s-], and PPM = 5X10-7 Tort.

Measured values of H*@,-  as a function of tempemtme at ~H~~  = 6.1X104 Tort.

Each point in the figure is an average of more than two measurements. The solid

line is a leas{ squares fit through the data. The top axis labels the estimated H$OA

content based on the temperature and water partial pressure in the flow tube.

Experimental conditions are: PII, = 0.40 Tort, V = 1700 to 2000 cm s-l, and Pp~A
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. .

= 5x 10-7 ‘r’Orr.

Figure 7. Same as Figure 5 except fo~ H* calculated by estimating the liquid-phase diffusion

coefficient using thecubic cell model.

Figure 8. Same as Figure 6 except for H* calculated by estimating the liquid-phase diffusion

coefficient using the cubic cell model.
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